Pifithrin-α (PFT-α) is a small molecule which has been widely used as a specific inhibitor of p53 transcription activity. However, its molecular mechanism of action remains unclear. PFT-α has also been described to display potent p53-independent activity in cells. In this study, we addressed the mechanism of action of PFT-α. We found that PFT-α failed to prevent the effects of Mdm2 inhibitor Nutlin-3 on cell cycle and apoptosis in several cancer cell lines. However, PFT-α rescued normal primary fibroblasts from growth inhibition by Nutlin-3. PFT-α displayed a very limited effect on p53-dependent transcription upon its activation by Nutlin-3. Moreover, PFT-α inhibitory effect on transcription was highly dependent on the nature of the p53 target gene. PFT-α attenuated post-translational modifications of p53 without affecting total p53 protein level. Finally, we found that PFT-α can decrease the level of intracellular reactive oxygen species through activation of an aryl hydrocarbon receptor (AHR)-Nrf2 axis in a p53-independent manner. In conclusion, PFT-α inhibits only some aspects of p53 function, therefore it should be used with extreme caution to study p53-dependent processes.
Results

PFT-α fails to protect cancer cells, but not normal cells from p53-mediated growth suppression.
To investigate the efficacy of PFT-α inhibition of p53 in cancer cells, we reactivated p53 by Nutlin-3, which inhibits the E3-ubiquitin ligase MDM2 by direct binding, disrupts the p53-MDM2 complex and prevents subsequent p53 degradation by the proteasome 20 . As expected, the growth of wild type (wt) p53 MCF7 breast carcinoma cells was suppressed by Nutlin-3 treatment, whereas it had no effect in p53-depleted (KO) cells, in line with the notion that Nutlin-3 induces cell cycle arrest and/or apoptosis specifically through p53 activation. However, PFT-α treatment did not protect cells from Nutlin-3-mediated growth suppression in MCF7, nor in A375 cells ( Fig. 1A and Supplementary Fig. S1A-C) . Moreover, we observed a slight but significant cytotoxic effect upon 20 µM PFT-α treatment of MCF7 p53wt cells ( Supplementary Fig. S1B ).
To check if PFT-α could inhibit p53-mediated cell cycle arrest in normal cells, we treated wt and p53-depleted (KD) immortalized human fibroblasts BJ with Nutlin-3 in the presence or absence of PFT-α. Nutlin-3 is described to only induce cell cycle arrest but not apoptosis in fibroblasts 21 . Again, our results show that Nutlin-3 induces p53 dependent growth suppression in BJ fibroblasts which cannot be rescued by PFT-α ( Fig. 1B ). Then, we tested the effect of PFT-α in primary, non-immortalized normal fibroblasts. Interestingly, PFT-α per se was promoting primary fibroblasts growth, which compensates Nutlin-3-induced growth suppression in crystal violet and resazurin assays (Fig. 1C ). It has been described that another pifithrin compound, pifithrin-μ (PFT-μ) but not PFT-α can protect cells from Nutlin-3-induced killing 22 . Therefore, we also tested the effect of PFT-μ in MCF7 and A375. In our models, PFT-μ as well did not inhibit p53-induced growth suppression ( Supplementary Fig. S1B ).
PFT-α has differential inhibitory effect on p53 transcriptional targets. To investigate the effects of PFT-α on p53 transcriptional activity upon Nutlin-3, we treated MCF7 cells with PFT-α at several conditions described to inhibit p53 transcription in the literature, without having strong cytotoxicity 23, 24 (10 µM and 20 µM, with or without 12 h pre-treatment). The inhibitory effect of PFT-α on p53 target genes was negligible, and only detectable upon pre-treatment for 12 h prior to Nutlin-3 treatment ( Fig. 2A ). Even in this condition, PFT-α cannot protect cells from p53 activation-mediated growth suppression, neither from cell cycle arrest in MCF7 cells 25 nor from apoptosis in A375 cells 26 ( Supplementary Fig. S2A ). We then investigated the effect of PFT-α on several well characterized p53 target genes involved in a variety of cell responses. We confirmed the p53-dependency of these genes in response to Nutlin-3 using MCF7 p53wt and p53KO cells ( Supplementary Fig. S2B ). Interestingly, we observed that PFT-α had a drastically different inhibitory effect on different p53 target genes ( Fig. 2A ). Our data show that BBC3 (PUMA), PIG3, TP53INP1, RRM2B, PPM1D (WIP1), SESN1 and TIGAR induction upon Nutlin-3 was moderately inhibited (decreased by 35% to 50%) by PFT-α (20 µM, 12 h pre-treatment condition), while the effect on the transcription of ZMAT3 and CDKN1A (p21) was limited (induction decreased by only 23% and 25% respectively). Moreover, no significant transcriptional inhibition was observed for MDM2 and DRAM. We also confirmed by western blot that MDM2 and p21 were not inhibited at protein level by PFT-α upon Nutlin-3-induced p53 stabilization ( Supplementary  Fig. S2C ).
PFT-α impairs p53 post-translational modifications. p53 is tightly regulated by diverse PTMs, such as
phosphorylation on its different serine residues, which influence its promoter selectivity and the induction of its target genes 27 . Therefore, we hypothesized that PFT-α could affect PTMs of p53, hence selectively inhibiting the activation of specific p53 target genes. We assessed the level of several phosphorylated forms of p53 by western blot using specific antibodies. We observed that phosphorylation of p53 on Ser33 upon Nutin-3 treatment was efficiently inhibited by PFT-α ( Fig. 2B ). Upon p53 activation by doxorubicin treatment in several cancer cell lines, PFT-α efficiently inhibited both Ser33 and Ser15 phosphorylation, but not Ser37 (Fig. 2C ,D and Supplementary  Fig. S2D ). Our data demonstrate that PFT-α can affect specific p53 PTMs, which could lead to differential expression of p53 target genes.
PFT-α decreases reactive oxygen species (ROS) level through an AHR/Nrf2 axis independently of p53.
As redox homeostasis has been described to be one of the factors regulating p53 phosphorylation and determining cell fate 28, 29 , we investigated the effects of PFT-α on intracellular ROS by monitoring 2′,7′-Dichlorofluorescin diacetate (DCF-DA) staining by flow cytometry. Our results show that PFT-α treatment leads to a significant decrease of intracellular ROS level in MCF7 cells, to the same extent as the well-known antioxidant N-Acetylcysteine (NAC) (Fig. 3A) . Moreover, the antioxidant effect of PFT-α is p53-independent, as a similar response was observed in p53 KO MCF7 cells, in p53 mutant T47D cells, and to a lesser extend in A375 p53 KO cells ( Fig. 3B and Supplementary Fig. S3A ). PFT-α significantly decreased doxorubicin-induced ROS formation, but failed to rescue doxorubicin-induced cell death (Fig. 3C,D) , which is in agreement with previous work showing that doxorubicin-induced cell death is independent of ROS 30 . www.nature.com/scientificreports www.nature.com/scientificreports/ Interestingly, PFT-α was previously shown to be a potent agonist of AHR 11 . AHR activates Nrf2, the master switch of cell antioxidant response 31 . Therefore, we addressed the question whether PFT-α could decrease intracellular ROS by activating the Nrf2 pathway through AHR. PFT-α treatment dramatically induced the expression of one of the main AHR targets, the cytochrome P450 (CYP1A1) in p53 KO MCF7 cells, confirming its activation of AHR independently of p53. Then we investigated the effect of PFT-α on Nrf2 in MCF7 p53KO cells. Nrf2 pathway was activated by PFT-α treatment, as the mRNA level of Nrf2 targets NQO1, HO1, and TRXR1 was significantly upregulated ( Fig. 4A and Supplementary Fig. S3B ). To confirm the involvement of the AHR/ Nrf2 pathway, we performed siRNA-mediated silencing of AHR (Fig. 4B) , which almost completely reversed the antioxidant effect of PFT-α alone, as well as its ability to prevent ROS formation upon doxorubicin treatment (Fig. 4C) . Accordingly, activation of Nrf2 pathway by PFT-α was partially inhibited upon AHR silencing (Fig. 4D) . Moreover, H1299 lung carcinoma cells, which express low levels of AHR 32 , are not responsive to PFT-α in terms of ROS decrease or Nrf2 pathway activation, consistent with our data ( Supplementary Fig S3C-E) .
Therefore, we hypothesized that PFT-α effects on p53 PTMs could be caused by its antioxidant potential. First, we confirmed that antioxidants such as NAC can also inhibit p53 transcriptional activity on some of its target genes. Our results show that NAC significantly inhibited the induction of BBC3 upon Nutlin-3 treatment (Fig. 5A ), but none of the other p53 target genes investigated. We then compared the effect of PFT-α and NAC on p53 phospho-Ser33 upon Nutlin-3 treatment. While PFT-α robustly decreased the levels of p-Ser33, in contrast NAC did not inhibit p53 phosphorylation (Fig. 5B) . Thus, while PFT-α exhibits intracellular antioxidant effect through activation of AHR/Nrf2 pathway, this cannot serve as a mechanism of PFT-α-mediated impairment of p53 PTMs. However, NAC exerted a similar effect as PFT-α on promoting primary fibroblasts growth, suggesting that this phenotype is related to its antioxidant properties (Fig. 5C ).
Discussion
PFT-α, albeit originally designed to attenuate p53-dependent toxic side effects of anti-cancer therapy, is widely used in research to study p53-dependency of cellular processes. However, accumulating data suggest that PFT-α is not very specific for p53. Moreover, it is not very efficient at inhibiting p53 10, 33, 34 . In this study, we found that PFT-α cannot prevent p53-dependent effects in several models of p53 reactivation. Moreover, its ability to inhibit p53 transcription is restricted to only some of p53 target genes, indicating a more complex effect than inhibition of p53 transcriptional activity. Our data suggest that PFT-α alters the PTMs profile of p53, hence affecting its transcription activity on different targets. p53 is heavily modified by PTMs, such as phosphorylation, acetylation, ubiquitination and others, and p53-mediated cellular functions are highly orchestrated via the intermingle of these diverse events 29 . It is hypothesized that the profile of p53 PTMs induced by a specific stimulus forms a "barcode" which results in a specific cellular response 35 . For example, phosphorylation of p53 on Ser46 was found to induce apoptosis but not cell-cycle arrest 36 . p53 PTMs are therefore dependent on the type of p53-reactivating signals and vary depending on the intracellular context, such as DNA damage or oxidative stress.
However, even though we have shown that PFT-α can decrease intracellular ROS, we could not link the decreased ROS level to the observed changes in p53 PTMs. Therefore, the mechanism of PFT-α -exerted effect on p53 PTMs remains to be elucidated. We speculate that PFT-α could block p53 PTMs either by direct binding or by affecting the molecular machinery that modifies p53. p53 can be phosphorylated by multiple kinases that have little specificity for a specific residue, each kinase phosphorylating several residues and each residue phosphorylated by several kinases 37 . So far, more than 10 different kinases have been described, including DYRK2, CHK1, CHK2, CK2, HIPK2, JNK, LRRK2, p38, PKCδ, and PLK3. Interestingly, a study showed that PFT-α displays effects similar to p38MAPK inhibitors on the regulation of embryonic stem cells differentiation 38 , and p38 kinase can phosphorylate p53 on Ser33, Ser15 and Ser37 39 . Therefore, it is possible that PFT-α could inhibit PTMs of p53 by inhibiting p38/MAPK signaling. However, we did not observe any inhibition of phosphorylated MAPK, ERK1 and p38α upon PFT-α treatment (data not shown).
Our data suggest that p53 is probably not the main target of PFT-α in cells. AHR is strongly activated upon PFT-α treatment, and is known to regulate a number of cellular processes beside Nrf2, through transcriptional activation, modulation of protein interactions or epigenetic mechanisms 40 . Therefore, AHR activation could trigger a chain of secondary signaling events leading to the inhibition of p53 transcriptional activity, but we cannot rule out the possibility that PFT-α has additional targets. Further studies are therefore needed to identify which proteins are bound and inhibited. However identifying PFT-α direct target(s) remains challenging, and will probably require broad-scales approaches such as genome-wide CRISPR-Cas KO screens 41 or thermal proteome profiling 42 .
In our experiments, PFT-α cannot protect cells from apoptosis and cell cycle arrest upon p53 activation, in agreement with previous study 33 . Interestingly, PFT-α per se promotes cell growth in primary fibroblasts but causes a slight inhibition of cancer cell proliferation. PFT-α has previously been shown to enhance neural progenitor cells and rat hepatocytes proliferation, however, these effects were linked to p53 inhibition and decreased p21 expression 6, 43 . As NAC has a similar to PFT-α effect on cell proliferation in primary fibroblasts, this phenotype could also be linked to the activation of antioxidant machinery by PFT-α. Hence, growth promotion by PFT-α could compensate the cell cycle arrest induced by Nutlin-3 treatment in primary fibroblasts. On the other hand, PFT-α showed slight inhibition of cancer cells proliferation at the same doses. This finding suggests that PFT-α could be interesting to use in combination with p53-reactivating anticancer therapies in the future.
In conclusion, the efficiency of PFT-α as specific p53 inhibitor appears to be highly questionable and context dependent. In our models, it did not inhibit p53-dependent cell growth suppression and had target gene-and model-dependent effects on p53 transcription, probably due to indirect inhibition of p53 PTMs. In addition, PFT-α has notable p53-independent effects such as strong induction of the AHR pathway. However, its differential properties 
Methods
Cell lines and compounds. Human breast cancer cell lines MCF7 (p53 wt) and T47D (p53 R248Q mutant), colon cancer cell line HCT116 (p53 wt), melanoma cancer cell line A375 (p53 wt), lung carcinoma cell line H1299 (p53 null) and immortalized human fibroblast cell line BJ were maintained in DMEM medium supplemented with 10% FBS (Gibco). Human primary fibroblasts were maintained in DMEM/F12 medium supplemented with 10% FBS (Gibco). CRISPR/Cas9-mediated p53 deletion was performed in MCF7 and A375 ( Supplementary  Fig. S1A ). Briefly, stable Cas9 expressing cells were established and then transfected two times with p53 sgRNA. Enrichment of p53-deleted cells was performed by Nutlin-3 treatment (10 μM) for 3 days. Cas9 expressing vector and px330 vector coding for sgRNA targeting p53 exon 4 were kindly provided by Vera Grinkevich (Welcome Trust Sanger Institute, Cambridge, United Kingdom). h-Tert immortalized BJ fibroblasts and its p53-depleted by shRNA derivative line were a kind gift from Reuven Agami, The Netherlands. PFT-α, PFT-µ, Nutlin-3 and NAC were purchased from Sigma-Aldrich. Doxorubicin was purchased from Selleckchem. Except when stated otherwise, cells were treated with 20 µM PFT-α, 10 µM Nutlin-3, 10 mM NAC and 1 µM Doxorubicin for the indicated time.
Cell viability assays. For crystal violet staining experiments, cells were seeded in 12-well plates the day before the experiment (0.2 million cells per well), then pre-treated and treated as indicated (12 h NAC or PFT-α pre-treatment followed by 48 h Nutlin-3 treatment). Then, cells were washed in PBS, fixed for 15 min with ice-cold 70% ethanol, and stained with 0.2% crystal violet. Quantification was performed using ImageJ software.
For resazurin assay, cells were seeded in 96 wells plates (10.000 cells/well). The day after, cells were treated as indicated for 72 h and incubated 2 h with 5 μM resazurin (Sigma-Aldrich) before fluorescence measurement on a VICTOR X5 plate reader (PerkinElmer). 
